The transition metal, copper, an essential micronutrient in plants, is required as an enzyme cofactor for a number of physiological processes (Maksymiec, 1997; Rodriguez et al., 1999) . Copper is required for mitochondrial electron transport, pathogen defense, cell wall lignification, vitamin C metabolism, ethylene perception, carbohydrate metabolism, nitrogen fixation, fatty acid desaturation/hydroxylation, and, in the chloroplast, for both electron transport (plastocyanin) and oxidative stress responses (Cu/Zn superoxide dismutase).
Copper can also be toxic at supraoptimal concentrations, leading to inhibition of leaf expansion, decrease in root mass, destruction of the thylakoid structure of chloroplasts, and considerable modification of the lipid and protein composition of thylakoid membranes (Maksymiec, 1997) . The mechanisms of copper toxicity have not been fully elucidated but are thought to include the generation of oxygen and hydroxyl free radicals and the oxidation of dithiols in proteins to disulfides.
To maintain the concentration of essential metals within physiologically tolerable limits and to minimize their detrimental effects, all eukaryotes have evolved a number of mechanisms that control the uptake, accumulation, trafficking, and detoxification of metals. The main components of metal homeostasis are transport, chelation, and compartmentation.
Copper transport in plants likely involves members of the P-type ATPase and copper transporter (CTR) families and may involve members of the natural resistance-associated macrophage protein (NRAMP) and zinc IRT-like protein (ZIP)/iron-regulated transporter (IRT) transporter families. Copper transporting P-type ATPases were identified in the cytoplasmic and thylakoid membrane of the cyanobacterium Synechococcus (Kanamaru et al., 1994; Phung et al., 1994) , and a related protein, PAA1, was shown to be involved in Cu 21 transport in chloroplasts of Pisum (Shikanai et al., 2003) . The N terminus of PAA1 targets a fusion protein to the chloroplast, and deletion of PAA1 results in decreased chloroplast copper levels and reduced activity of Cu/Zn superoxide dismutase and plastocyanin. PAA1 is a member of the potential heavy metal transporting P-type ATPases found in Arabidopsis, for which a putative substrate has been identified (Baxter et al., 2003) .
CTR family members are responsible for highaffinity copper transport in the plasma membrane and tonoplast of yeast (Saccharomyces cerevisiae; Lee et al., 2002; Puig and Thiele, 2002) . Five CTR homologs (COPT1-COPT5) have been identified in Arabidopsis. All but COPT4 can complement the copper uptake deletion mutant of yeast (ctr1/ctr3) to some degree (Kampfenkel et al., 1995; Sancenon et al., 2003) . The subcellular location of the plant CTR homologs has not been determined, but sequence analysis indicates that COPT1 may be targeted to the thylakoid membrane.
The NRAMP and ZIP/IRT families are thought to encode primarily iron and zinc transporters (Guerinot, 2000; Curie and Briat, 2003; Hell and Stephan, 2003) , but the wide potential substrate range of family members indicates that they might also play a role in copper transport. Two Arabidopsis NRAMP genes complement both iron and manganese uptake mutants in yeast (Curie et al., 2000; Guerinot, 2000; Thomine et al., 2000) , and expression of a mammalian NRAMP gene in frog oocytes confers iron, copper, zinc, cadmium, manganese, and cobalt transport equally (Gunshin et al., 1997) . Similarly, expression in yeast of several ZIP/IRT genes rescues not only iron and zinc uptake mutants but also manganese uptake mutants, and the uptake can be inhibited by cadmium and copper, indicating these metals might also be transport substrates (Grotz et al., 1998; Korshunova et al., 1999; Ramesh et al., 2003) .
Copper is required for proteins located within the thylakoid lumen, such as polyphenol oxidase and plastocyanin (Heldt et al., 1973; Merchant and Dreyfuss, 1998) . This requirement and the fact that copper is added to apoplastocyanin in the lumen (Merchant and Dreyfuss, 1998) indicate that there must be a mechanism by which copper crosses the thylakoid membrane. While substantial progress has been made recently in the identification of genes encoding for Cu 21 transporters, little biochemical characterization in plants has been reported. In this study, we have loaded Phen Green SK (PGSK) into isolated chloroplast thylakoid membranes and utilized stopped-flow spectrofluorometry to measure Cu 21 transport rates across the thylakoid membranes.
RESULTS

Cu
21 Transport across Pea Thylakoid Membranes PGSK was entrapped within pea (Pisum sativum) thylakoid membranes by sonication. Sonication of thylakoid membranes produces membranes that are largely right-side-out in orientation, as evidenced by ATP synthesis (McCarty, 1968) . Passing this preparation through a Sephadex G-50 column removed most of the external fluorophore, and addition of p-xylene bispyridinium dibromide (DPX) quenched the fluorescence of the fluorophore that was either bound to the outside of the membranes or free in solution. In a stopped-flow rapid mixing apparatus, the membranes were combined with buffer with no added Cu 21 and fluorescence emission at 530 nm monitored for 1.0 s with excitation at 506 nm (Fig. 1 ). There was a minimal drop in PGSK fluorescence over this time period. Addition of 0.1 mM Cu 21 resulted in an initial small increase in fluorescence, followed by a rapid quenching. The initial rise in fluorescence within the first 50 ms occurs in membrane-free solutions of PGSK mixed with Cu 21 and appears to be the result of an optical artifact after mixing of the solutions. At higher concentrations of Cu 21 added to PGSK-loaded thylakoid membranes, the rapid decrease was enhanced. The maximum decrease was achieved at about 0.7 mM. There was also a small offset in the starting fluorescence, presumably due to rapid Cu 21 quenching of PGSK fluorescence while mixing of the two solutions was occurring. The decrease in PGSK fluorescence is an indication that Cu 21 enters the thylakoid lumen and causes fluorescence quenching by binding to the fluorophore. , and Zn 21 were made to PGSK in buffer A solution in a cuvette and the fluorescence emission measured. The peak of PGSK fluorescence emission depends on the buffer used (Shingles et al., 2001 ) and for buffer A was determined to be 530 nm. These data were used to construct a Stern-Volmer plot relating fluorescence changes to ion concentration (Fig. 2) . The PGSK fluorescence was optimized relative to entrapped PGSK in thylakoid membranes so that data would be collected at a similar voltage. Stern-Volmer plots constructed at different PGSK concentrations all show a similar relationship for metal-dye interaction. The fluorescence data are shown as the ratio of the initial fluorescence, F o (when no heavy metal ion is present), to the fluorescence measured after ion addition, F. The concentration dependence of quenching of PGSK fluorescence by Cu 21 is curvilinear (Fig. 2 , inset). Approximation of the relation of PGSK fluorescence quenching to an exponential function allows for the calibration of fluorescence changes to the concentration of added ion. In this study, Cu 21 was a more effective quencher of PGSK fluorescence than previously reported (Shingles et al., 2001) , indicating the importance of generating a standard curve for PGSK quenching for each lot of PGSK purchased.
Divalent Cation Transport across Chloroplast Thylakoid Membranes
Several divalent cations at 1 mM concentration were tested for their ability to be taken up by thylakoid membranes loaded with PGSK. Utilizing the SternVolmer plots created for each cation, the lumenal concentration of each cation could be determined over time (Fig. 3) . The final internal concentration of the cations was much lower than the concentration of cation added, indicating that the membranes and components of the incubation mixture buffer the ions. The product of the rate constant of the lumenal Cu 21 concentration change and the extent of the change can be used to calculate the initial rate of cation transport across these membranes. Cu 21 transport was the most rapid, with an initial rate of 1.4 mM/s. The internal volume of thylakoid membranes was determined to be about 3.3 mL/mg chlorophyll (Heldt et al., 1973 , which quenches PGSK fluorescence (Fig. 2) but shows negligible transport across thylakoid membranes in this study (Fig. 3) (data not shown).
Chloroplast thylakoid membranes transport calcium (Ettinger et al., 1999) . To determine if copper transport may use the calcium transporter, two inhibitors of calcium transport were utilized: lanthanum chloride and diltiazem (Roh et al., 1998) . Neither of these inhibitors at 1 mM concentration affected Cu 21 transport across thylakoid membranes (data not shown).
DISCUSSION
Phen Green consists of a metal binding phenanthroline covalently attached to fluorescein. Phen Green SK was first used as a fluorescent probe to measure free iron levels in hepatocyte and human erythroleukemia K562 cells, which had been preloaded with the fluorophore (Petrat et al., 1999 (Petrat et al., , 2000 . We showed that PGSK entrapped in isolated vesicles could be used to measure the transport of ferrous iron across chloroplast inner envelope membranes (Shingles et al., 2001) . Phen Green has also been used to measure copper transport in hepatopancreatic cells and mitochondria (Chavez-Crooker et al., 2001 . The chloroplast thylakoid membrane is rich in chlorophyll and carotenoid. The wavelengths at which PGSK fluorescence is excited (506 nm) and emission measured (530 nm) avoid the problem of carotenoid and chlorophyll absorbance, making PGSK a suitable fluorophore to measure metal ion transport across this membrane. Using stopped-flow spectrofluorometry the kinetics of rapid ion transport can be followed on a millisecond timescale.
Cu 21 addition to chloroplast thylakoid membranes caused a rapid quenching of the fluorescence of entrapped PGSK, indicating transport of Cu 21 into the lumen. The rate of quenching of PGSK was dependent upon the concentration of added Cu 21 and saturated at approximately 0.6 mM (Fig. 4) . This is within the same magnitude of the reported K m for Cu 21 uptake in Chlamydomonas reinhardtii (Hill et al., 1996) . The reported ratio of PGSK to Fe 21 interaction is 3:1 (Petrat et al., 1999) . If this is also the case for Cu 21 , with 50 mM PGSK loaded inside the membranes, Cu 21 transport reaches completion before the probe is completely complexed.
Stern-Volmer plots of the quenching of PGSK fluorescence by Cu 21 are curvilinear at low concentrations (Fig. 2, inset) (Fig. 4) would suggest that transport proteins facilitate Cu 21 transport. ZIP family members are high-affinity diffusion carriers that primarily transport zinc and iron. Cadmium and copper inhibit zinc uptake mediated by ZIP1, suggesting that these ions may also be substrates for this protein (Grotz et al., 1998 , and Zn 21 all acting as possible substrates (Grotz et al., 1998; Korshunova et al., 1999; Ramesh et al., 2003) . The ZIP/ IRT genes have not yet been expressed in a functional fashion to identify the ion specificity of the proteins, nor has cellular localization been confirmed for all members of this family.
The CTR, NRAMP, and HMA gene families may encode potential chloroplast thylakoid membrane copper transport proteins. Members of the CTR family act as homomultimers to transport copper in an energy-independent manner that is stimulated by acidic pH (Lee et al., 2002) . Yeast cells have plasma membrane metal ion reductase activity (Hassett and Kosman, 1995) , and expression of CTR transporters in yeast would indicate that copper uptake occurs as Cu 1 (Sancenon et al., 2003 (Lee et al., 2002; Sancenon et al., 2003) . COPT1 from Arabidopsis was identified as being most likely involved in copper transport (Kampfenkel et al., 1995) . While initially thought to be localized to the plasma membrane, sequence analysis using ARAMEMNON (Schwacke et al., 2003) indicates that COPT1 may be targeted to the chloroplast and quite possibly thylakoid targeted (score 5 0.944), as predicted by PSORT (Nakai and Kanehisa, 1991) .
The Cu 21 transport measured in thylakoid membranes is generally consistent with the mechanism of action of ZIP/IRT and/or CTR transporters. Transport activity is concentration driven and energy independent. Both Cu 21 and Fe 21 are transported across thylakoid membranes (Fig. 3) , consistent with the divalent cation transport activity of ZIP/IRT transporters. As generally expected of ZIP/IRT transporters, Cu 21 transport is inhibited by Zn 21 (Fig. 6) (Sancenon et al., 2003) , as is at least 40% of the Cu 21 transport activity measured in thylakoid membranes (Fig. 6) . However, acidic pH did not stimulate transport as it does for a human CTR transporter (Lee et al., 2002) , and Cu 1 does not inhibit Cu 21 transport (Fig. 5) .
From primary sequence analysis, it was suggested that NRAMP1 from Arabidopsis may be plastid localized (Curie et al., 2000) , and our sequence analysis of NRAMP6 using ARAMEMNON (Schwacke et al., 2003) indicates that this protein may be localized to the chloroplast, and PSORT (Nakai and Kanehisa, 1991) predicts thylakoid targeting (score 5 0.964). However, members of the NRAMP family show pH and protoncoupled activity dependent upon membrane potential (Gunshin et al., 1997) . Cu 21 transport activity across the thylakoid membranes appears to be unaffected by a pH gradient, indicating a lack of proton-linked activity. In addition, we would not expect there to be much of a potential gradient effect due to the presence of a chloride channel in this membrane (Schonknecht et al., 1988) .
Copper chaperones appear to be involved in delivering copper to metal pumps. CCH copper chaperones have been identified in Arabidopsis (Himelblau et al., 1998) , with four genes encoding proteins predicted to be localized to plastids (Wintz and Vulpe, 2002) . The experiments performed in this study were conducted in the absence of any added ATP and copper chaperones, thus making it improbable that this protein is a candidate for the Cu 21 transport activity we see in these thylakoid membrane preparations.
Cu 21 transport in lobster hepatopancreatic mitochondria was shown to occur through both Ca 21 uniporters and H 1 /Ca 21 antiporters (Chavez-Crooker et al., 2002) . Calcium was also reported to move across the pea thylakoid membranes by a proton antiporter (Ettinger et al., 1999 In cells, copper and other metal ions are needed to activate and stabilize enzymes such as superoxide dismutase, metalloproteases, cytochrome oxidase, protein kinases, and transcriptional factors. High metal concentrations, however, disrupt cellular processes and may lead to cell death. Homeostasis of copper levels in plant cells and subcellular compartments requires coordination between copper-binding proteins, copper chaperones, and copper transporters. Therefore, Cu 21 transporters may also play an important role in copper homeostasis by moving copper to subcellular compartments such as the thylakoid lumen, where copper will be incorporated into proteins or perhaps sequestered, preventing harmful effects at high concentrations. The measurement of free Cu 21 transport performed in this study reflects the capacity of copper transport across the thylakoid lumen and the possible presence of at least two copper transporters in this membrane.
MATERIALS AND METHODS
Reagents
Phen Green SK and DPX were purchased from Molecular Probes (Eugene, OR). Cuprous chloride dihydrate, copper (I) chloride, cadmium chloride anhydrous, manganese chloride tetrahydrate, and zinc chloride heptahydrate were purchased from Sigma (St. Louis). Pyrithione was purchased from Aldrich (Milwaukee, WI). Stock solutions of buffer components were made with reverse osmosis-treated and deionized water passed through a column containing Chelex-100 (Bio-Rad Laboratories, Hercules, CA) to reduce metal ion content.
Plant Material
Pea plants (Pisum sativum L. cv Laxton's Progress No. 9) were grown from seed for 16 to 18 d in vermiculite in a controlled environment growth cabinet (Revco, Asheville, NC) set for 16-h-day (24°C)/8-h-night (20°C) periods using standard fluorescent lighting.
Thylakoid Membrane Isolation
Ten grams of leaf tissue were homogenized in 70 mL of STN (0.4 M Suc, 10 mM Tris-HCl, pH 8.0, and 10 mM NaCl), the homogenate filtered through 100 mM Nitex cloth, and the filtrate centrifuged at 6,000g for 5 min at 4°C. The pellet was resuspended in 35 mL of STN and centrifuged at 6,000g for 5 min at 4°C. The resulting pellet was resuspended in 5 mL of thylakoid resuspension buffer (0.2 M Suc, 10 mM HEPES-KOH, pH 7.0, 50 mM KCl, and 5 mM MgCl 2 ). Chlorophyll concentration was determined and the resuspension adjusted to 0.1 mg/mL. One milliliter of the thylakoid suspension was added to 1.0 mL of thylakoid resuspension buffer and 1.0 mL of 150 mM PGSK and 0.1 mL of 150 mM 2,2#-dipyridyl. The suspension was sonicated four times for 5 s for 20 s total in a Fisher Scientific 60 sonic dismembrator (8-W power output; Springfield, NJ). Disruption of the thylakoid membranes and subsequent resealing entrapped some of the PGSK within thylakoid membranes. The membrane preparation was then passed through a 1.6 3 10-cm Sephadex G-50 column equilibrated with buffer A (0.1 M Suc, 10 mM HEPES-KOH, pH 7.0, 50 mM KCl, and 5 mM MgCl 2 ) at 4°C to remove external PGSK, and the eluant diluted to 25 mL with the same buffer.
Stopped-Flow Spectrofluorometric Assay of Copper Transport in Membranes
Fluorescence measurements were collected with an OLIS-modified SLM-SPF-500C spectrofluorometer equipped with an OLIS USA-SF stopped-flow apparatus (Bogart, GA). For thylakoid membrane preparations, chamber A contained 2.0 mL of membrane suspension in buffer A at pH 7.0 plus 5 mM DPX to quench the fluorescence of residual external PGSK. Chamber B contained various concentrations of copper and/or other divalent cations in 2.0 mL of buffer A. A nitrogen-driven piston at 80 psi achieved mixing of 0.35-mL solutions from chambers A and B. Fluorescence was followed at an emission wavelength of 530 nm with excitation at 506 nm. Slit widths were set at 10 nm with a cutoff filter (LP510; Oriel, Stamford, CT) placed over the entrance to the emission monochromator. All measurements were taken at 25°C.
Standard Curve for Quenching of Phen Green
To a stirred PGSK solution (3 mM) in buffer A, small aliquots of metal ions were added to the cuvette and fluorescence emission measured between 510 nm to 540 nm with excitation at 506 nm. The fluorescence at the peak emission (530 nm) was used to determine the F o /F ratio and plotted against copper concentration, where F o is the fluorescence measured in the absence of metal, and F is the fluorescence measured in the presence of metal.
Data Reduction and Handling
Curve fitting was carried out using the graphing program Kaleidagraph (Synergy Software, Reading, PA). Stern-Volmer data were fit to the exponential equation y 5 a 1 b 3 exp(c 3 x); a 5 offset; b 5 extent; c 5 constant. The lumenal concentration of added ion was determined using the exponential equation as a standard curve. The rates of Cu 21 flux were calculated from the lumenal ion concentration change over the first 1 s of data collected and fit to the equation describing a single exponential rise y 5 p 3 (1 2 (exp(2q 3 x))); P 5 extent; q 5 rate constant. All fits used R values greater than 0.98.
Assays
Chlorophyll was determined as described in Arnon (1949) .
